b Mycobacterium avium subsp. paratuberculosis is a bacterium sometimes found in human blood and tissue samples that may have a role in the etiology of Crohn's disease in humans. To date, however, there have been few studies examining the interactions of these bacteria with human cells. Using the THP-1 human monocytic cell line, this study shows that the uptake and trafficking of M. avium subsp. paratuberculosis in human cells are cholesterol dependent and that these bacteria localize to cholesterol-rich compartments that are slow to acidify. M. avium subsp. paratuberculosis bacteria containing phagosomes stain for the late endosomal marker Rab7, but recruitment of the Rab7-interacting lysosomal protein that regulates the fusion of bacteriumcontaining phagosomes with lysosomal compartments and facilitates subsequent bacterial clearance is significantly reduced. Disruption of phagosome acidification via this mechanism may contribute to M. avium subsp. paratuberculosis persistence in human cells, but there was no evidence that internalized M. avium subsp. paratuberculosis also affects the survival of bacteria taken up during a secondary phagocytic event.
M ycobacterium avium subsp. paratuberculosis is a bacterium that causes chronic enteritis in domestic and wild ruminants and other animals, including primates (35) . The similarities between the gross pathology and histology of M. avium subsp. paratuberculosis-related disease in animals and Crohn's disease (CD) in humans (17) have led to the suggestion that M. avium subsp. paratuberculosis may also have a role in the etiology of the latter. CD is a chronic inflammatory disease of the human gastrointestinal tract that is characterized by weight loss, severe diarrhea, and abdominal pain (5) . Several further observations strengthen this hypothesis: the detection of the specific DNA insertion sequence IS900 of M. avium subsp. paratuberculosis in relatively high numbers in the blood and tissues of patients with CD (1, 2), the finding of M. avium subsp. paratuberculosis-reactive T cells in CD patients (29) , and the culture of viable M. avium subsp. paratuberculosis forms from blood of people with CD (28) .
In infected animals, M. avium subsp. paratuberculosis enters the body via the fecal-oral route, moves across the intestinal epithelium, and then uses complement-associated and non-complement-associated receptors to gain entry to host phagocytic cells (36, 44) , where it is able to persist by inhibiting phagosome-lysosome function (4, 23, 43) . Mannosylated lipoarabinomannan (Man-LAM), a major component of the M. avium subsp. paratuberculosis cell wall, contributes to this via Toll-like receptor 2 (TLR2) signaling and activation of the M. avium subsp. paratuberculosis K-p38 signaling pathway (37, 42) that has been shown to block phagosomal acidification by signaling across the phagosome wall (11) . However, additional pathways may also be involved in M. avium subsp. paratuberculosis survival, as has been reported for pathogenic mycobacteria such as M. tuberculosis and M. bovis. These species have been reported to use receptor-mediated association with cholesterol-rich areas of the plasma membrane (22) to enter cells and traffic to cholesterol-rich compartments (12) , where they persist by utilizing host cholesterol (30) and blocking normal phagosome maturation. This is demonstrated by reduced fusion of bacterium-containing phagosomes with lysosomes (6) and the absence of RILP (Rab7-interacting lysosomal protein) in Rab7-staining phagosomes that contain live mycobacteria (38) . However, it is unclear whether it is the cholesterol-rich membranes (7, 20) and/or factors secreted by the mycobacteria themselves (38, 39) that dictate this lack of fusion.
The aim of our study was to investigate the uptake and survival of M. avium subsp. paratuberculosis in human cells. Using the THP-1 human monocyte cell line, we observed that M. avium subsp. paratuberculosis enters cells at regions enriched for cholesterol and remains associated with cholesterol-rich areas of the cell to 48 h postinfection in compartments that show evidence for reduced acidity. Intriguingly, the compartments containing live M. avium subsp. paratuberculosis also showed evidence of reduced recruitment of RILP, despite the presence of Rab7, indicating the potential expression of a Rab7-deactivating factor by M. avium subsp. paratuberculosis. We hypothesized that diffusion of such a deactivating factor by M. avium subsp. paratuberculosis might confer an intracellular survival advantage to other phagocytosed bacteria, as described for M. bovis (38) . However, we found no evidence that live M. avium subsp. paratuberculosis inside monocytes decreased the killing efficiency of cells presented with a second bacterial challenge.
MATERIALS AND METHODS
Reagents and antibodies. CDP-Star substrate, fluorescein isothiocyanate (FITC), LysoTracker Red, filipin, Texas Red-conjugated phalloidin, and Hoechst stain were purchased from Invitrogen (Carlsbad, CA). The pro-tease inhibitor cocktail and the enzymatic colorimetric reagent for measuring cholesterol (CHOD-PAP) were from Roche (Manheim, Germany), gentamicin was from Pfizer (Bentley, WA, Australia), and simvastatin and methyl-␤-cyclodextrin (M␤CD) were from Sigma (St. Louis, MO). Rabbit polyclonal antibodies to Rab5a, Rab7, and RILP were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), whereas the secondary antibodies were from Invitrogen.
Bacteria. M. avium subsp. paratuberculosis strain Dominic (ATCC 43545) and M. bovis (ATCC 19210) were grown in Middlebrook 7H9 broth (Becton Dickinson, Sparks, MD) supplemented with oleic acidalbumin-dextrose-catalase (Becton Dickinson), 0.05% Tween 80, and 2 g/ml mycobactin J (Allied Monitor, Fayette, MO) at 37°C on a rotating platform (100 rpm). Escherichia coli strains BL21 (ATCC BAA-1025) and LF 82 (kindly provided by A. Darfeuille-Michaud, Laboratoire de Bacté-riologie, CBRV, Clermont-Ferrand, France) were grown overnight in brucella broth (Becton Dickinson) under the same conditions. Bacteria were harvested in mid-log phase and quantitated using the method of Glubb et al. (16) . Control bacteria were killed by heating at 95°C for 15 min. Direct FITC labeling (final concentration, 100 g/ml) was at 37°C for 1 h, with unbound dye removed by extensive washing with phosphatebuffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 ) (14) . Mycobacterial preparations were briefly sonicated (Omni-Ruptor 4000 sonicator) prior to infection to disperse clumps. The multiplicity of infection (MOI) for each experiment was 50:1, unless stated otherwise.
Cell culture. The human monocytic THP-1 cell line (ATCC TIB-202) was grown in RPMI 1640 (Gibco, Invitrogen, Auckland, New Zealand) containing 10% heat-inactivated fetal bovine serum (FBS), 1% penicillinstreptomycin, and 1% GlutaMAX supplement (all from Gibco). Purified human monocytes were obtained by immunomagnetic positive selection of CD14-positive cells from the peripheral blood mononuclear cell (PBMC) layer of fresh blood following density gradient centrifugation, as detailed by the manufacturer (Miltenyi Biotec, Bergisch Gladbach, Germany), resuspended in the same medium, and cultured overnight prior to use. Cell culture was at 37°C in air containing 5% CO 2 .
Fluorescence microscopy. Cells were cytospun onto coverslips (400 rpm, 5 min), fixed using 4% (vol/vol) formaldehyde (in PBS), and formaldehyde-induced autofluorescence quenched (1.5 mg/ml glycine in PBS, 10 min). Where immunofluorescence microscopy was used, cells were then permeabilized (0.1% Triton X-100 in PBS, 10 min) and blocked with 5% (vol/vol) FBS (in PBS) for 60 min at 37°C before overnight incubation at 4°C in primary antibody (1:1,000 dilution in PBS containing 2.5% FBS), followed by a Texas Red-conjugated chicken anti-rabbit secondary antibody for 4 h at room temperature (1:500 dilution in PBS containing 2.5% FBS). After two washes (PBS, 0.1% Triton X-100), cell nuclei were stained with Hoechst (0.25 g/ml in PBS containing 2.5% FBS) at 37°C for 5 min and then washed once more. The cells were mounted with 0.1% (wt/vol) p-phenylenediamine dihydrochloride and examined using epifluorescence microscopy on an AxioImager Z1 upright microscope with a ϫ40 plan Neofluar lens (Zeiss, Oberkochen, Germany). Images were taken at the same exposure for each replicate with an Axiocam MRm camera coupled to Axiovision software.
For cholesterol colocalization experiments, the cells were incubated with filipin (100 g/ml) and Texas Red-phalloidin (1 U/ml) for 30 min at 37°C, washed, and mounted. Filipin was visualized with excitation (360 nm) and emission (405 nm) through a standard UV filter block, while Texas Red was viewed with excitation (591 nm) and emission (608 nm) and photographed as described above.
Acidified compartments were identified by preloading THP-1 cells (2 ϫ 10 5 ) with 100 nM LysoTracker Red (in medium) for 2 h at 37°C prior to infection (40) . After uningested bacteria were removed, cells in each well were resuspended in 100 nM LysoTracker Red to ensure effective labeling of acidic compartments. At 2 and 48 h postinfection, the cells were washed, fixed, and mounted, and the percentage of FITC-fluorescing phagosomes colocalizing with LysoTracker Red was determined manually by counting cells strongly, weakly, or not stained with LysoTracker Red.
Cholesterol depletion. THP-1 cells were incubated with simvastatin (final concentration, 2.5 g/ml) for 48 h and then resuspended at a concentration of 2 ϫ 10 5 cells/ml in M␤CD for 1 h before the addition of FITC-labeled bacteria (MOI, 50:1) for 4 h. The washed cells were lysed (20 mM HEPES at pH 7.5, 0.35 M NaCl, 20% glycerol, 1% NP-40, 1 mM MgCl 2 , 0.5 mM EDTA, 0.1 mM EGTA, and protease inhibitor cocktail), and an equal volume of lysate was added to CHOD-PAP reagent, followed by spectrophotometric measurement at 490 nm. The cholesterol content of cells was expressed as micrograms of cholesterol per milligram of cellular protein (34) .
Flow cytometry. Cells were resuspended in 5% (vol/vol) FBS in PBS containing 5 g/ml propidium iodide (PI), and fluorescence measurements were made using a flow cytometer (Cytomics FC 500 MPL; Beckman Coulter) and CXP software (Beckman Coulter). Ten thousand events were collected for each sample, with dead cells excluded by positive PI staining and size stratification used to exclude remaining nonadherent bacteria. Mean fluorescence intensity (MFI) values of cells incubated in the absence of bacteria were subtracted from the values of bacterium-treated cells. To determine the proportion of internalized bacteria, fluorescence was measured before and after the addition of trypan blue (final concentration, 0.025%) to quench extracellular bacterial fluorescence (45) .
Phagosome extraction and immunoblotting. THP-1 cells (2 ϫ 10 6 ) were infected (MOI, 50:1) for 1 or 2 h, washed, and chased for 2 or 48 h (in medium), before being lysed by sonication (in 250 mM sucrose, 0.5 mM EGTA, 20 mM HEPES-KOH, pH 7.2). Unbroken cells and whole nuclei were removed (2,000 rpm at 4°C for 3 min) before the lysates were centrifuged through a sucrose density gradient (65% to 10%) at 100,000 ϫ g for 1 h at 4°C. Phagosome-rich fractions (26) were transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA) and probed with an anti-RILP antibody (final concentration, 10 g/ml diluted in 2.5% nonfat milk blocking buffer), followed by an alkaline phosphatase-conjugated secondary antibody (1:10,000 dilution in 2.5% nonfat milk blocking buffer). The membrane was developed with chemiluminescent substrate (CDP-Star; New England BioLabs, Ipswich, MA), and the signal was visualized using a Chemidoc XRS system (Bio-Rad). After stripping (0.1 M glycine-HCl, pH 2.5) for 1 h at 37°C, three 5-min Tris-buffered saline-0.05% Tween 20 (TBS-T) washes, and blocking (TBS-T, 5% nonfat milk powder for 1 h), the membranes were reprobed for evidence of Rab7 using the same method. The relative amounts of RILP and Rab7 in each preparation were quantified using Quantity-1 densitometry software and used to calculate the proportion of RILP to Rab7 in each bacterial treatment.
Secondary E. coli infection. Monocytes (2 ϫ 10 5 ) were preincubated with mycobacteria (MOI, 50:1) for 2 h before the addition of E. coli (strain BL21 or LF82; MOI, 20:1) for 2 h and then gentamicin (final concentration 100 g/ml) for a further 2 h to kill extracellular bacteria. Intracellular E. coli was retrieved from infected cells using 0.1% Triton X-100 in PBS for 10 min at 37°C to give cell lysates that were serially diluted (in PBS) and cultured (in duplicate) on sheep blood agar plates (Fort Richard, Auckland, New Zealand) overnight for CFU determinations.
Statistical analysis. Results are the means Ϯ standard errors of the means (SEMs). Data were analyzed by one-way or repeated-measures analysis of variance (ANOVA). If the ANOVA P value was Ͻ0.05, this was followed by Dunnett's post hoc test. untreated cells (Fig. 1A) , as well as some aggregation not always specific to areas of bacterial uptake in infected cells (Fig. 1B to D ). An accumulation of cholesterol was observed at the site of M. avium subsp. paratuberculosis (Fig. 1B) and M. bovis (Fig. 1C ) internalization into THP-1 cells after 4 h of incubation. In contrast, E. coli BL21 entry into the cells occurred without any evidence of cholesterol accumulation (Fig. 1D) .
Depletion of cellular cholesterol decreases uptake of M. avium subsp. paratuberculosis into THP-1 cells. To investigate the association between M. avium subsp. paratuberculosis and cholesterol, THP-1 cells were treated with the cholesterol-reducing drug simvastatin and the cholesterol chelator M␤CD, used in tandem at concentrations of 2.5 g/ml and up to 5 mM, respectively (12) . Simvastatin caused a decrease in cholesterol to 1.36 Ϯ 0.25 g/mg protein from the 1.63 Ϯ 0.24 g/mg protein in untreated cells, while simvastatin and 5 M M␤CD reduced cholesterol even further to 1.08 Ϯ 0.27 g/mg protein ( Fig. 2A) . These drugs had no effect on cell proliferation or viability (not shown), and cholesterol levels returned to normal when M␤CD complexed with cholesterol was added to simvastatin-treated cells ( Fig. 2A ). Using cells with reduced cholesterol, in conjunction with flow cytometry, we found that pretreatment of simvastatintreated cells with 5 mM M␤CD significantly inhibited the internalization of labeled M. avium subsp. paratuberculosis (Fig. 2B) and M. bovis (Fig. 2C ) bacteria (P Ͻ 0.05 and 0.01, respectively). In contrast, E. coli BL21 internalization was unaffected (Fig. 2D) .
M. avium subsp. paratuberculosis resides in cholesterol-rich compartments inside monocytes. As cholesterol-dependent uptake of M. avium subsp. paratuberculosis need not imply ongoing involvement of cholesterol in the intracellular trafficking of these bacteria, we used fluorescence microscopy of living cells to determine whether those compartments that contained M. avium subsp. paratuberculosis maintained high levels of cholesterol after internalization. Filipin staining of THP-1 cells at 48 h postinfection identified that all intracellular FITC-labeled M. avium subsp. paratuberculosis bacteria were colocalized with cholesterol (Fig. 3) . Additionally, cholesterol formed a cloud around the bacteria when a 3-dimensional model of this M. avium subsp. paratuberculosiscontaining phagosome was constructed (see Movie S1 in the supplemental material), similar to that observed around other pathogenic bacteria in intracellular compartments (3) . Together, these findings suggest an ongoing association between M. avium subsp. paratuberculosis and cholesterol that may contribute to bacterial persistence.
M. avium subsp. paratuberculosis colocalizes with Rab7. THP-1 cells infected with M. avium subsp. paratuberculosis for 2 h were probed with antibodies against Rab5a (one of three isoforms of Rab5) and Rab7, two small GTPases that are characteristic of the binding of early and late endosomal compartments to the phagosome, respectively (41) . We failed to detect Rab5a staining in any cells, including uninfected controls (not shown). In contrast, Rab7 was detected in most bacterium-containing compartments (including those containing E. coli BL21) after 2 h of infection (Fig. 4) . Additionally, the mycobacterium-containing phagosomes retained this marker to 48 h postinfection, with no significant difference seen between live and killed mycobacterial preparations, whereas E. coli was cleared from the cells by this time (not shown).
Compartments containing live M. avium subsp. paratuberculosis are less acidic. Rab7 recruitment to phagosomes occurs before the final step in phagosomal maturation, which involves binding and fusion of secondary lysosomes and subsequent acidification of the phagosome (41). The enumeration (by microscopy) of M. avium subsp. paratuberculosis-containing compartments after staining with LysoTracker Red, a fluorophore with a weak base attached that is highly selective for acidic organelles, confirmed that compartments that contained live M. avium subsp. paratuberculosis bacteria were notably less acidic than those compartments that contained heat-killed bacteria (Fig. 5) .
M. avium subsp. paratuberculosis-containing phagosomes exhibit impaired RILP acquisition. Recent studies report that, despite normal acquisition of Rab7, mycobacterial pathogens such as M. tuberculosis and M. bovis secrete on the phagosomal membrane a factor that inactivates Rab7, rendering it unable to recruit its effector protein, RILP. This in turn precludes fusion of these phagosomes with lysosomes (38, 39) . We observed that the infection with live M. avium subsp. paratuberculosis or M. bovis was associated with a reduced recruitment of RILP (Fig. 6B ) relative to Rab7 (Fig. 6A ) in phagosomes isolated from THP-1 cells at 48 h postinfection. Phagosomal recruitment of RILP was significantly more evident in the phagosomes of THP-1 cells infected with heat-killed M. avium subsp. paratuberculosis (Fig. 6C) . These results suggest that the recruitment of RILP by Rab7 on the phagosomal membrane is interrupted in phagosomes of live M. avium subsp. paratuberculosis-containing cells, as seen in M. bovis-containing phagosomes.
Preincubation of THP-1 cells with live M. avium subsp. paratuberculosis fails to facilitate E. coli persistence. A recent study showed that a factor secreted by pathogenic M. bovis can diffuse out of the phagosome and modify GTPase activity in other phagosomal compartments (39) . Given the reduced recruitment of RILP to phagosomes from M. avium subsp. paratuberculosis-infected cells, we investigated whether the presence of live M. avium subsp. paratuberculosis inside monocytes could decrease the killing efficiency of these cells when presented with a second bacterial challenge. For these experiments, we used both THP-1 cells and freshly isolated human monocytes that were challenged with two strains of E. coli, including strain LF82, which is associated with CD (15) . Pretreatment of THP-1 cells with live M. avium subsp. paratuberculosis increased the uptake of both strains of E. coli, paratuberculosis (MOI, 50:1) and labeled with LysoTracker Red, and using a merged image, bacterium-containing compartments were counted manually as strongly, weakly, or not stained with LysoTracker Red. Values are the means Ϯ SEMs of live M. avium subsp. paratuberculosis colocalization with LysoTracker Red in 150 bacterium-containing compartments from three independent experiment compared to those for heat-killed M. avium subsp. paratuberculosis and live M. bovis.
FIG 6
Live M. avium subsp. paratuberculosis reduces phagosomal recruitment of RILP. At 48 h postinfection, bacterium-containing phagosomes were isolated from infected THP-1 cells by sucrose density gradient centrifugation. Phagosome preparations were dot blotted onto a PVDF membrane and probed first with an anti-RILP antibody. Bound antibody was removed with glycine-HCl, and the blot was reprobed with an antibody to Rab7. Antibody binding to RILP (A) and Rab7 (B) was visualized using an alkaline phosphatase-conjugated secondary antibody and quantified using densitometry. The ratio of RILP/Rab7 was calculated and is shown normalized (C) to that for heat-killed M. avium subsp. paratuberculosis (100%). Overall, at 48 h cells infected with live mycobacteria (both M. avium subsp. paratuberculosis and M. bovis) had significantly reduced expression of RILP relative to expression of Rab7 in phagosome preparations (P ϭ 0.0004). ** and ***, results are significantly different from those for THP-1 cells infected with heat-killed M. avium subsp. paratuberculosis (P Ͻ 0.01 and 0.001, respectively). Results are ϮSEMs for three independent experiments.
evidenced by an increase in the number of E. coli CFU recovered from the lysed cells at 2 h postinfection. However, a similar trend was not observed when freshly isolated human monocytes were incubated with the BL21 strain of E. coli, and importantly, these differences were not sustained in either cell type over time. Notably fewer E. coli CFU were recovered from the cells after 24 h of incubation, irrespective of prior M. avium subsp. paratuberculosis challenge (Fig. 7) . Collectively, these results suggest that internalized M. avium subsp. paratuberculosis is unlikely to affect the survival of bacteria taken up during a secondary phagocytic event.
DISCUSSION
Our interest in M. avium subsp. paratuberculosis as a potential human pathogen stems from the high incidence of CD in our community, the Canterbury region of New Zealand (13) , and the correspondingly high number of these patients who have evidence of the M. avium subsp. paratuberculosis-specific DNA insertion sequence IS900 in their blood and tissues (2) . Manipulation of the phagocytic pathway is a hallmark of intracellular bacterial pathogens, and a number of mycobacterial species are included in the growing list of pathogenic bacteria that exploit lipid-rich domains to invade and persist within human cells (46) . Added to this is an observation of M. avium subsp. paratuberculosis survival in polymorphonuclear leukocytes, which supports the hypothesis that M. avium subsp. paratuberculosis may be a human pathogen (33) .
We observed that M. avium subsp. paratuberculosis associates with and is internalized into THP-1 monocytes in a cholesteroldependent manner and at cholesterol-rich areas of the membrane. This, coupled with our finding of cholesterol-dependent M. bovis uptake by THP-1 cells, is consistent with other studies of pathogenic mycobacteria (12, 22, 32) . Intriguingly, significantly fewer E. coli bacteria associated with cells as cellular cholesterol levels fell.
However, E. coli internalization was not significantly affected by lowered cholesterol levels, suggesting that these bacteria are internalized into cells via a cholesterol-independent mechanism (12) .
There is evidence that cholesterol-rich membrane microdomains (lipid rafts) act as receptor-mediated signaling platforms (24) , as well as portals for bacterial uptake (27) . The association with cholesterol-rich compartments inside cells may reflect the ability of pathogenic mycobacteria to use the cholesterol as a supplemental carbon source, enabling them to remain metabolically active (30) . In addition, cellular cholesterol may actively affect processes associated with normal bacterial clearance. One example is the cholesterol-dependent binding of the mycobacterial protein lipoamide dehydrogenase C (LpdC) to coronin-1 (also known as TACO) on the phagosomal membrane (10, 12, 22) . Binding aids retention of the coronin-1 protein (8) , which, in turn, facilitates phagosome maturation arrest (10) by blocking lysosomal delivery (21) . We found evidence of coronin-1 protein in approximately 40% of M. avium subsp. paratuberculosis-infected THP-1 cells at 48 h postinfection (D. A. Keown, unpublished data). However, coronin-1 was also retained on phagosomes containing heat-killed bacteria. The reason for this is currently unknown.
The rapid recruitment of Rab7 identified the M. avium subsp. paratuberculosis-containing compartments as late phagosomes. However, the compartments containing live bacteria acidified less readily over time than those containing killed bacteria, suggesting that whereas Rab7 recruitment might be a precursor, it was not necessarily sufficient to promote the maturation of late phagosomes to phagolysosomes (41) . Rab7 is recruited to the phagosomal membrane when activated, where it interacts with an effector protein (RILP), initiating a process that leads to the recruitment and fusion of lysosomes with the late phagosomal compartment (18, 41) . We found that phagosomes from THP-1 cells infected with live M. avium subsp. paratuberculosis bacteria failed to recruit RILP as efficiently as those containing dead bacteria, despite the presence of Rab7. M. bovis (38) and M. tuberculosis (25) also interfere with RILP recruitment to active Rab7 in bacterium-containing compartments, and there is evidence to suggest that this may be due to the action of bacterial factors.
Live M. bovis bacteria secrete a protein that is capable of inactivating Rab7, thus rendering it unable to recruit RILP (38) . This protein, recently identified as nucleotide diphosphate kinase (NDK), is also considered a putative M. tuberculosis virulence factor (39) . The reported diffusibility of this protein (38) and corresponding ability to reduce GTPase activity on other phagosomal compartments within the cell (39) led us to investigate whether the presence of M. avium subsp. paratuberculosis might affect the clearance of E. coli taken up in a secondary phagocytic event. We observed that prior infection of THP-1 cells with live M. avium subsp. paratuberculosis generally led to enhanced E. coli phagocytosis. This may reflect changes to the intracellular environment of infected cells, as reported following M. avium subsp. paratuberculosis invasion of bovine epithelial cells (31) . However, unlike Hart el al., who showed that pretreatment with live but not dead M. microti bacteria for 18 to 24 h before challenge with Saccharomyces cerevisiae significantly inhibited the fusion of yeast-containing phagosomes with lysosomes (19), we found no evidence that pretreatment of human monocytes with M. avium subsp. paratuberculosis affected the survival of E. coli. Our failure to replicate the study of Hart et al. (19) may, in part, reflect our use of a different mycobacterial species and bacterial rather than fungal secondary challenge and/or differences between human monocytic cells and murine macrophages.
In summary, we have shown that M. avium subsp. paratuberculosis utilizes cholesterol to enter and persist in human cells inside compartments that acidify inefficiently compared with those containing killed bacteria. We propose that this is brought about by the ineffective recruitment of RILP to the phagosomal membrane, possibly enhanced by the retention of cholesterol in these compartments. It remains to be determined if this is linked to M. avium subsp. paratuberculosis secretion of proteins such as LpdC and/or Ndk or, indeed, if these apparently disparate mechanisms are linked. In addition, further research will be necessary before we can conclude that the apparent manipulation of phagosome maturation by M. avium subsp. paratuberculosis is sufficient to contribute to disease processes in human cells associated with CD.
